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INTRODUCTION

Thick-walled sylinders are often autofrettaged to enhance their fatigue
lives (ref 1). The greater fatigue life results because of the compressive
residual stresses at the inner diameter (ID). 1If the cylinder also contains a

discontinuity at the outside diameter (OD) where the residual stresses are

tensile, the combination of stress concentration and tensile operating and

residual stresses often results in shortened fatigue life due to crack

1n1tiation at the 0OD.

Several attempts have been made to model this behavior expetimentally

4(refs 2-4) and analytically (ref 5). This report presents a two-step

prediction method which results in very accurate estimates of %otal fatigue
life. The first step is to determine the crack initiation life through the
use of low cycle fatigue data. A small semi-circular crack is then assumed to

exist. Using known strnss intensity factor solutions corrected for curvature,

crack propagation life is predicted by incegrating a power law relationship

" that accounts for mean stress effects (ref 6). The total fatigue life is then

the sum of the initiation life and the propagation life. Fatigue lives

predicted by this method agree very well with the measured lives of several

thick-walled cylinders that fail from the OD.

PROCEDURE

Two different OD notch configufations shown in Figure 1 were studied, a
single notch, Type A, and four.notches, Tyﬁe B. We assure that the material

at the rocts of these notches responds to service loading in the same manner

References are listed at the end of this report.
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as a smooth cylindrical low cycle fatigue samplé. By estimating the strain
range that the material at the notch tip is subjected to, we should be able to
deternine the number of cycles‘to initiate a crack. fhis i3 accomplished with
the assistance of the strain range versus cycles—to-failure plot shown in

Figure 2. The ploi was developed using smooth cylindrical specimens of the

_ same steel used to manufacture the pressure vessels studied.

The three curves in Figure 2 are for three different étrain ratios (R ;
€nin/ €pax)+ This was tacluded because the presence of autofrettage residual
stresses ﬁill change R for the same internal pressgrevcycle. The threé
conditions tested were R = 0, no autofrettage; k = 0.5, hizh tensile residual
stress; and R = 0.25, in between. Tﬂe results show that the longest 1ife'was
obtained with R = 0, the shortest with R = 0.25, and for R = 0.5, cycles-to-
failure fell between these two maximina, although at large values of st-ain
radge there was no difference in the cycleg-to-failure. The reason for
these différences 1is explained by the .stabilized cyclic strain curves that
developed; When Ae wasvlarge theré was essentlally no difference in the
hysteresis loops developed, thus"nO'measurable'diffefehce iﬁ lﬁfe,‘whereas the
cyclic'sétess-strain behavior feveloped at smaller strain ranges was
differenc. Often Qnder these conditions, the cfclic stress-strain curves were
simply elastic loadings and unloadings. |

Figufe‘3 shows the actual results for Ae ='O.5 percent. The cumulative
damage that fesults in failure'of the speci@en is a combination of ﬁwo
factors; the initial damage,from tﬁe first loading to maximum strain aﬁd the
cyclic loading. We would expect that the larger the initifal strain the

shorter the life, and the greater the amount of compression during cyclic
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loading the shorter the life. Because of the strain hardening of the stee},
the R‘- 0 sample saw the most compression and the least initial strain{
conversely, R = 0.5 had the least compression and the most 1nitia1‘stfaid,
while the R = 0.25 sav intermediate values of each. The reeults of ﬁhese
tests suggest that the combinatioe of two factors contributing to life is
synergistic’with the R = 0.25, the in beﬁween case beilng the worst.

Relating these low cycle fatigue results to OD failure was accbmplished
in the following manner. Two parameters had to be determined: strain range’
Ae anle. By using an elaéeie analysis these two values can be estimated.
The minimum stress in an autofrettaged cylinder is ky 0y, where ky is the
stress concentration factor and o, is theeelastic residual stress. Similarly,
the maximum stress wOuld be the minimum stress plus'ktop, where % i1s the

stress due to pressure. The strain applied to the material at the notch tip

then are estimated as

%min  Ktoa 1
€min = = . . | (1)
. ke op : .
€pax * €ain + = . (2)

where E 1s Young's modulus for the material.

Using Eqs. (1) and (2) both the A¢ and R parameters are easily
calculated; A€ = €p,y =€pyn, and R = €59,/ €paxe  For the cylinders considered
below, this technique was used and k¢ was either determineu by finite element
results available 1n the literature or by a Neubers Diagram (ref 7), and E was
207 GPa. Once Ae and R were calculated,vthe number of cycles to crack

initiation was determined by iaterpolaticn of three curves in Figure 2.




Although crack initiation may consume a signif{cant portion of the useful

fatigue life of an OD notched thick-walled cylinder, the contribution of crack
propagation must also be considered. To model crack growth, the foliowing

assumptions were made. At crack initiation a small semi-circular crack was

produced. This crack was assumed to act as a crack with a depth equal to tbe
notch depth and was semi-circglar. The stress infensity fac;or for the crack
w;s'aséumed ts be the stress ihtensity factor for a straight-fronted crack of
the same depth divided by the complete elliptical integrél of the second kind

to account for the curvature.

‘ ‘ K(straight crack)
K(curved crack) * 3 o .(3)

The K solution for an OD cracked pressurized cylinder and for an oD
cracked eylinder witﬁ autofrettage residual stress have been developed
elsewhere (ref 5). The value of ¢ used was that for a semi-circular crack
which 1s 1.5708. Propagation of such a crack was assumed to follow a

constitutive law given as (ref 6):

de n . '
;ﬁ = A Koy - : (4)

where dc/dN is the crack growth rate, Ky, is the maximumloccutring stress
#ptensicy factér during'a fatigue cycle, and A and n are material properties.
Using Eq. (4)~accouﬁts'for the mean K effect_on‘crack.propagation and has been
shown to be the most conservaﬁive groﬁth law fof crack gfowth In OD cracked
autofrettage& cylinders (ref 5). The crack growth life was determined by

integration of Eq. (4).
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RESULTS AND DISCUSSION

The results obtained from the analysis 6f gseveral thick-walled cylinders
are summarized in Tabies I, II, and III. Table I is for a relatively small
eylinder v.'th Type B (Figure 1) OD notches. Fracture toughnesg values are
given éince they deteimine the critical crack size and thus influence the
crack p;opagatioﬁ life. The compérison‘of»the ectimated life and the actual

life shows excellent agreement with wany of the actual samples. The last two

specimens‘had much longet'liveslthan estimated. This may be the result of

‘assuning the worst case. The actual value of the root' radius was not measured

. for each cylinder. The minimum radius of 0.254 mm was assumed. Actual values

for this dimensioh‘could‘be in the range from 0.254 mm to 0.508 mm. If we
analyze thié cylinder with a root radius of 0.508 mm, the stress concent;ation
factor k; is reduced from 3.0 to about 2.5. Such a reductign in k¢ wonld
increase the initiation life from 3400 cycles to 5700 cycles. Using this for.
initiation life increases the predicted lives of specimens 844-1R-B and 7344

to 6245 cycles and 6233 cycles, respectively, which are in much better

agreement with the actual fatigue lives.

Another serles of tests of the Type B configuration is presented in Table
1I. The agreement for these somewhat larger cylinders is not quite as good as
with the small cylinders in Table I. 1In all cases,,fatigue-life is under-

estimated by about 5000 cycles or about 30 percent. The 3ame argument

_ presented above can be applied here, namely the actual value of the root

radius was not measured and could vary between 0.254 mm and 0.508. =m. Using

the maximum value, k¢ is reduced to about 2.9 from 3.2 increasing the




TABLE I. RESULTS FOR THICK-WALLE: CYLINDER WITH TYPE B EXTERNAL NOTCHES,
" a = 6.56 cm, b} = 10.68 cu, by = 1ll.11 cm, Pressure = 496 MPa,
Yield Strength = 1240 M™a, Root Radius = 0.254 o, ky = 3.0, 100
Percent Overstrain.

T I l I I
| | Kg | Fstimated | Actual ]
| specimen | (MPaS_) | - Life (Cycles) | Life (Cycles) |
| I | ' | l
[ . | . | |
| 917-3r-T | 147 | 4151 I 4310 |
| i } ’ | |
| 917-4r-T | 152 | 4220 | 4917 |
I | A | ' I
l 7404 } 130 = 3910 { 3267 }
- U 7414 | 123 | 3817 | 3948 |
- b | | | : N
LI' | 844-1R-B | 133 | 3945 [ 6302 |
Nk | | C | N
o | 7344 | . 132 | 3933 [ 5607 |
r-"‘ ' ' ' ) l |
TABLE II. RESULTS FOR THICK-WALLED CYtINDER WITH TYPE B EXTERNAL NOTCHES,

a = 8.26 cm, by = 14.56 cm, by = 15.08 cm, Pressure = 372 MPa,
Yield Strength = 1170 MPa, Root Radius = (.254 mm, ky = 3.2, 100
Percent Overstrain.

| [ [ [ ]
| 1 Ky l Estimated | Actual |
| Specimen | (MPa$E) | Life (Cycles) |  Life (Cycles) |
| | | ' . | |
| I ! - [ T -
{ 41 } 180 : 15536 ] 24797 |
] |
} 51 : 164 : 15133 | 18006 |
| ' !
} 52 { 139 } 14289 f= 19504 |
4 ~ |
{ 54 : 135 | 14156 ] 19993 |
| ! : |
! { . b4 [ 165 | 15193 | 20991 |
! | | | 3 |
! ] 45 | 146 | 14637 | 19862 '
b I | I ' L L
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initiation life from 12,000 cycles to 15,000 cycles. This reduces the un¢er-

estimate of actuél life to about 2000 cycles or about tem percent.
The response of éeveral Type A cylinders is summarized in Table

This kind of notch is more severe than Tvpe B notches as can be seen

I1I.

in the

valve of ky. Again, the analysis method ylelds excellent agreement with

actnal behav{or. The estimated life for three of the four conditions

considered is within about 10 percent 'of the actual behavior. But the

technique drastically underestimates the least severe case (smallest

k¢ and

least pérceht overstrain). The reason for the discrepancy is not clear,

suggesting that the method of analysis may be limited to only that ci ..o of

cylinders that would fail at relatively short life.

TABLE IIXI. RESULTS FOR THICK~WALLED CYLINDER WITH TYPE A EXTERNAL

NOTCH, -

a=17.75 cmy, b = 13.5 cm, Root Radius = 0.762 mm, Ko = 127

MPa/m, Yield Strength = 1170 MPa, Pressure = 386 MPa.

T I I | [ I ]
| | HNotch | | | Estimated | Actual |
| | Depth | | Percent | Life - - | Life |
} Specimen | (mm) } ke } Overstrain ; (Cycles) : (Cycles) ;
] | A i I ]
: D2 | 10.2 | 6.0 | 100 | 2887 | 3003 |
| | | | |

! " D3 10.2 |} 6.0 | 100 ] 2887 | 2452 |
;| | ' | | |

: PIA 10.2 | 6.0 | 60 | 4255 | 4079 |
| | ’ | ] |

: D5 | 10.2 { 5.0 | - 60 ] 4255 ] 4252 |
| | | |

: s1 | 5.1 | 3.6 | 100 | 10776 | 9280 |
o o | | | | I |

: s2 5.1 | 3.6 | 100 " 10776 | 11224 |
. | | | | |

: } s3 : 5.1 :'3.6 ; 60 | 15862 | 42985 |
' | | |

i S4 1 5.1 | 3.6 | 60 | 15862 | 40266 |
1 L | 1 l | |

......

''''''''''''''
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